We present depth-resolved positron 2D angular correlation of annihilation radiation (2D-ACAR) experiments on CdSe quantum dots in the diameter range from 2.5 to 6 nm, deposited as micrometer thin layers. The average radial distribution of the valence electron momentum density (EMD) of CdSe quantum dots so extracted reveals a systematic dependence upon particle size. The observed quantum confinement related changes near the Jones zone momentum of ~0.8 a.u. agree with our earlier coincidence Doppler study addressing this point. We focus here on the behavior of the average radial EMD, which is found to show an increase in the low-momentum range (<0.6 a.u.) and a reduction in the high-momentum range (>1.6 a.u.) with respect to that measured on a bulk CdSe single crystal. First-principles calculations based on the Korringa-Kohn-Rostoker (KKR) method were performed to gain insight into this effect.
Introduction
As the need for nano-structures for technological applications grows, the ability to characterize the electronic properties and integrity of the structure itself becomes of paramount importance. Positron spectroscopy is well-known to be one of the most sensitive probes of electron momentum density and defects in bulk materials, surfaces, and interfaces. We have continued measurements on CdSe quantum dots (QD) using the facilities at the Delft University of Technology -Interfaculty Reactor Institute. These high-statistics runs using 2D-ACAR seem to confirm earlier results [1] at Washington State University, which showed that the effects of quantum confinement follow an inverse square law 1/d 2 upon particle diameter d [1] , in contrast to the 1/d law expected from first-principles calculations on the confined homogeneous electron gas [2] . In addition, the data indicate that the changes observed in the low-and high-momentum regions for the quantum dots in comparison with bulk annihilation spectra can be systematically explored.
Experimental
The samples were prepared in the same manner as for the earlier measurements [1] by the colloidal method [3] resulting in the surfactant coating, nominally TOPO (tri-octyl phosphine oxide) used to terminate the growth process in solution. Samples with dots of average diameter d of 2.5 nm, 2.9 nm, 3.6 nm and an agglomeration with an average diameter of ~6 nm were subsequently measured at 8 keV positron implantation energy and compared with a bulk single crystal with the hexagonal [0001] axis perpendicular to the sample surface. The randomly oriented CdSe quantum dot samples were deposited on Si(100) substrates to a thickness beyond the depth range of positrons at 25 keV (~3 µm), as shown by Doppler depth-profiling. 2D-ACAR distributions at room temperature were obtained with the POSH-ACAR facility [4] at 8 keV positron implantation energy at an overall resolution of 1.4 × 1.4 (10 -3 m 0 c) 2 . One 2D-ACAR distribution N(p x ,p y ) was obtained from a high-quality bulk CdSe single crystal with the [0001] axis along the p x direction, using a 22 Na source.
Results
The 2D-ACAR results on the quantum dot samples and the CdSe single crystal confirmed the absence of a p-Ps contribution [1] . Further, the anisotropy of the 2D-ACAR distributions of the QD samples is observed to be weak relative to that of the CdSe single crystal and shows only an irregular noise-related pattern, demonstrating that the quantum dot particles are randomly oriented and that the Si substrate contribution is minimal. Consequently, the directionally averaged electron momentum distribution (p) for the CdSe nanocrystals can be extracted ( Fig.  1) . A similar procedure involving the average isotropic part of the 2D-ACAR distribution has been used to obtain the EMD of bulk CdSe. A broadening above ~1.0 a.u. is visible (see also Fig.  2 ), related to quantum confinement. A preliminary analysis confirms that the broadening scales as 1/d 2 [1] . Fig. 2 shows the ratio / bulk of the difference between QD (p) for a QD with a diameter of 3.6 nm and bulk CdSe. Three regions can clearly be distinguished. Region I below ~0.6 a.u. shows the relative increase of QD (p) over that of bulk CdSe. Region II between ~0.6 a.u. and ~1.6 a.u. shows a bump related to quantum confinement peaking at ~1.2 a.u [1] . In region III a marked decrease with a minimum occurring at ~2-2.5 a.u. is observed.
KKR calculations
To gain a better insight into the EMD of CdSe, first-principle KKR calculations [6] were performed for bulk mono-crystalline CdSe in the zincblende structure. Although the structure of the CdSe quantum dots is wurtzite [8] , the zincblende structure is expected to give a similar average EMD. Fig. 3 displays the calculated average radial momentum density of the relevant energy bands (see inset) and the separate contributions from the valence bands Se(4p), Cd(4d) and Se(4s). The shape of the calculated radial average (p) agrees rather well with the measured momentum density for the bulk (Fig. 1) . Therefore, the defect concentration in the single crystal sample is expected to be very low. These calculations indicate that in the low-p region (Region I) the Se 4p and 4s bands are the main contributors, whereas in the high-p region (Region III) it is the Cd(4d) band. The observed broadening in the Region II, near the Jones zone, is mainly affected by quantum confinement of the valence electrons (Se(4p)). 
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Discussion: The present high-statistics 2D-ACAR data show a clear deviation of the quantum dot EMD (for all sizes) from the measured bulk spectrum. Speculating on the origin of the differences in regions I and III (region II is related to the confinement effect, which is not the focus of this study), four factors may be identified. Firstly, the EMD of the TOPO ligand molecules and their possible contribution to the spectrum is not known. Secondly, an increase of EMD at low momenta with a concomitant reduction at high momenta could result from a weak localization of the positron at Cd vacancies. However, our sample preparation procedure is expected to yield high-purity quantum dot crystals, making this an unlikely possibility. Thirdly, these changes may be related to the electron (and positron) spatial charge distributions in the quantum dots, the understanding of which requires ab-initio calculations on quantum dot systems [7] . Fourthly, the presence of a surfactant coating at the quantum dot surfaces may be involved. It has been shown experimentally using 31 P NMR [5] that the preferred binding TOPO site is Cd. Perhaps the positron then annihilates preferentially with Se atoms near the surface whose orbitals are not tied up by bonding to the TOPO surfactant cap (100% of the Cd surface atoms) [5] . If so, keeping Fig. 3 in mind, this would qualitatively explain the observed positive values of / bulk in region I and the negative values in region III (Fig. 2) , and suggest that the positron annihilation technique could provide a probe of the surface and interface of capped or core-shell quantum structures. Caution must however be exercised with respect to this explanation since the bulk 2D-ACAR measurements used to determine bulk (p) in Figs. 1 and 2 involved averaging of spectra in only one crystal plane, and therefore, do not include the full asymmetry of the bulk CdSe EMD [6] . In order to make a better comparison, experiments are currently in progress on other orientations of bulk CdSe as well as on a distribution of large randomly oriented grains of uncapped CdSe. Additionally, we are studying samples of CdSe quantum dots capped with amines and thiols as other capping agents for which capping to Se is more probable. Results of these measurements will be presented elsewhere. Materials Science Forum Vols. 445-446 397
